Purpose. the aim was to determine the relationships between linear sprint performance and different outcomes relating to isokinetic strength, jump performance, and intermittent Wingate test performance in well-trained young (U19) soccer players. Methods. the total of 18 elite male soccer players (age: 17.6 ± 0.8 years; body mass: 73.3 ± 5.9 kg, height: 180.8 ± 4.8 cm) performed a 20-m sprint test, countermovement jump, squat jump (SqJ), isokinetic measurement of knee flexors and extensors strength, and intermittent anaerobic test on a bicycle ergometer (IAntbE10×6s with a 30-s rest interval). the strength and power outcomes of laboratory tests served as possible predictors of sprint performance in multiple regression analyses. Results. the correlation analyses showed a significant relationship between all sprint lengths and relative maximum force measured by SqJ (r value: from -0.48 to -0.67) and between all sprint lengths and peak power (PP) measured by IAntbE10×6s (r value: from -0.47 to -0.55). 
IntRoduCtIon
Generally, laboratory physical performance tests designed for athletes are useful for planning or modification of a training programme only when they are of sufficient validity related to the specificity of a particular sport [1] . Elite European soccer players cover 1.8-2.6% of the total match distance by sprinting [2] . During a soccer game, sprinting occurs every 90 s, lasting on average 2-4 s. therefore, the ability to accelerate during very short sprints is important to succeed in soccer [3] . Moreover, sprinting abilities discriminate between soccer player performance levels [4, 5] . thus, in sports practice, when designing a training programme focused on the sprinting ability or assessing its effect, the results of not only field tests but also laboratory tests could be useful. the main advantage of laboratory tests is that they provide profound variable-related information at a mechanical and physiological level [1] . Consequently, it is important for coaches and other specialists in soccer teams to know which laboratory variables may predict sprint abilities in soccer players.
therefore, there is a question which neuromuscular functions or abilities relate to sprint performance in the first acceleration phase of sprinting, and which laboratory tests might capture those functions with efficient validity. It has been documented that sprint performance is determined by a number of constraints, such as thigh muscle strength [6] [7] [8] and lower limb explosive abilities [9] [10] [11] . Previous studies reported an association between the countermovement jump (CMJ), squat jump (SqJ) or full squat and 5-m [12] , 10-m [12, 13] , 20-m [12, 13] , and 30-m [13] sprint. Furthermore, sprint performance over 5, 10, 20, and 30 m showed a relationship with isokinetic knee flexion and isokinetic knee extension [14] [15] [16] . the main reason why the isokinetic hamstring strength has a potential to be a sprint performance predictor is that during sprinting the hamstring plays an important propulsive role and assists the quadriceps in hip extension in the push-off phase [17] [18] [19] . therefore, the neuromuscular functions such as isokinetic strength or net force production during jumping might be good predictors of short sprint performance.
Regarding a large number of available laboratory tests, test devices, and protocols that might predict sprinting performance, it is necessary to examine which variables are valid enough to be appropriate predictors of soccer-specific sprint performance. However, complex models of adolescent age-specific linear sprinting performance predictors based on either laboratory or field testing are scarce [20, 21] . therefore, the aim of this study was to determine the relationships between linear sprint performance and different variables measured in well-trained young (U19) soccer players.
MateRIal and Methods
Subjects the present study involved young elite male soccer players (n = 18; age: 17.6 ± 0.8 years; body mass: 73.3 ± 5.9 kg; height: 180.8 ± 4.8 cm) playing in the first Czech national U19 soccer league. the study, of a cross-sectional design, was conducted during the pre-season period, which is characterized by a training volume of 6-7 training sessions and 1-2 matches per week. All players abstained from any activities (e.g., highintensity activities) which could disturb the results of the measurement for 48 hours prior to the study. the players were also asked not to use any caffeine beverages (liquid or snack) 4 hours prior to the testing. All participants (or parents or guardians for those under the age of 18) and their coaches received information about the characteristics and purposes of this study, procedures, free participation, the possibility of quitting at any moment, and data confidentiality. the study protocol was approved by the institutional ethics committee, and is consistent with the Declaration of Helsinki. A written informed consent was obtained from all players (or their parents or guardians) before the commencement of the study. Any players with acute medical problems were excluded from the research.
test procedures
All measurements were performed on 3 days of a single week (tuesday, Wednesday, and Friday). On tuesday, the players performed a set of vertical jumps followed by isokinetic tests of muscular strength of knee flexors and extensors. On Wednesday, the intermittent anaerobic test on a bicycle ergometer (IAntbE 10×6s ) was conducted, and on Friday, the 20-m linear running sprint test was performed. One week before the test, all athletes were familiarized with the testing procedure except the running sprint test, which was part of the regular training sessions.
Vertical jump performance
the jump tests were performed on an FP8 force platform (HUR Labs, tampere, Finland). before testing, the players completed non-specific warm-up exercises, which included cycling on a stationary bicycle ergometer for 5 min at 1.5 W • kg -1 , dynamic stretching exercises for 6 min, which targeted the main muscle groups involved during testing, and finally 10 squats with progressive descending. the rest period between the individual trials was 30 s. the following parameters were assessed using the HUR Labs Force Platform Software Suite (HUR Labs, tampere, Finland): jump height by fly time (cm), maximum power (W), maximum force (N), and maximum force normalized to body weight (relative force [RF] , N • kg -1 ). Vertical jump performance was measured by means of SqJ and CMJ. During the SqJ, the players squatted down with their hands placed on the hips until the knees were bent at 90°, keeping the trunk in a neutral position, and sustained this position for approximately 1 s. then they jumped vertically as high as possible. In the CMJ, the players began from the upright position with their hands on the hips, making a downward movement to a 90° knee angle, and simultaneously performed 2 sets of 5 jumps with a 30-s rest between the sets. the values of SqJ and CMJ with the greatest height (cm) were used for further statistical analyses. Hemau, Germany). the reliability of measurement was confirmed by Dirnberger et al. [22] . the participants were comfortably seated on an adjustable dynamometer chair, with the hip joint at an angle of about 75° (0° = full extension). the pelvis and the thigh of the tested leg were fixed by means of straps, and the shoulders were fixed in the ventral-dorsal and cranial-caudal direction by shoulder pads. For further stabilization of the upper body, the players were instructed to hold the handgrips located at the side of the seat during all testing efforts. the axis of rotation of the dynamometer was aligned with the axis of rotation of the knee with the use of the lateral femoral epicondyle as reference. the lever arm of the dynamometer was fixed to the distal part of the shin so that the lower edge of the shin pad was located ca. 2 cm over the medial apex malleolus. After fixation, a static gravitational correction was applied. the range of motion for testing was set as 10-90° of knee flexion (0° = full knee extension). the legs were tested in random order. For the purposes of the results evaluation, the dominant leg was the preferred ball kicking leg.
the testing of the knee extensors and flexors was conducted at an angular velocity of 60° • s -1 in concentric/concentric and eccentric/eccentric reciprocal actions. the concentric action preceded the eccentric action. between the tests, there was a rest period of 2 min. Prior to each test, the players performed 2-3 submaximal practice trials as a specific warm-up to become acquainted with the requirements of the test. After the warm-up, the players were instructed to extend or flex the knee with maximum intensity throughout the entire range of motion in each of the subsequent testing repetitions. the testing consisted of a set of 4 reciprocal repetitions. the players were notified by a verbal countdown and were given verbal encouragement and visual online feedback, which was to ensure maximum effort. both legs were tested according to the same procedure, during which individual settings were automatically activated, rechecked, and adjusted if necessary. the monitored parameters as determined by the IsoMed Analyzer software (D. & R. Ferstl GmbH, Hemau, Germany) were peak torque (Pt) (N • m), peak work (J), and maximum power (W), also normalized for body weight.
Intermittent anaerobic test on a bicycle ergometer (IAnTBE 10×6s )
Intermittent anaerobic performance (repeated sprint ability) was assessed by an all-out intermittent exercise on the Monark 894 Peak bike bicycle ergometer (Vansbro, Sweden). Prior to the test, a 5-min warm-up was conducted which consisted in pedalling at a moderate frequency on the bicycle ergometer against the resistance of 1.9% of body weight. two minutes after the warm-up, the participants executed 2 familiarizations with 6-s cycling sprints of sub-maximum intensity against the resistance of 1.9% of body weight with 2-min recovery between the sprints. the test protocol involved 10 6-s cycling sprints against the resistance of 7.5% of body weight by a mechanical belt brake. the rest interval between 2 consecutive sprints was 30 s. the weight brake resistance dropped down once the pedalling frequency of 120 RPM was achieved. All parts of the testing were performed in the sitting position; the seat height was adjusted for each participant. the standard start position of the pedals was kept with the dominant leg in the upper position. During the test, the participants were encouraged to perform at their maximum. the assessed variables were the relative mechanical peak power (PP IAntbE10×6s ; W • kg ).
Linear sprint test
before testing, the players underwent a warm-up consisting of a 5-min run at low intensity, followed by 5-min dynamic stretching and 5-min running drills. Afterwards, they performed 1 familiarization with a 20-m sprint. the running sprint test consisted of 2 trials of 20-m maximum sprints on an indoor floorboard surface. the familiarization and testing trials were followed by a 1-min rest interval. the runs were performed from a static biped starting position and the players started from the line placed 50 cm behind the first photocell. the rest of photocells were placed at 5, 10, 15, and 20 m from the starting line. the sprint trials were recorded by tC timing System photocells (brower timing Systems, Draper, USA). the faster trial was recorded.
Statistical analyses the descriptive statistics involved the calculation of the means and standard deviations of the variables. According to the aim of the study, the measures assessed by means of the isokinetic strength test, vertical jump tests, and IAntbE 10×6 were the independent variables that were considered possible predictors of performance of a running sprint at 5, 10, 15, and 20 m. to select the independent variables which would best predict the sprint times, the authors carried out mul-tiple linear regression (MLR) analysis based on the stepwise forward selection strategy in order to maximize the multiple determination (R 2 ) for the prediction of sprint performance at each of the 4 distances. the significance of the correlations between the independent and dependent variables was calculated by the Pearson correlation ( = 0.05), followed by classification in accordance with Cohen [23] : 0.10 -weak or small association, 0.30 -moderate association, and 0.50 and more -large association. then, those independent variables that significantly correlated with a given dependent variable were involved in the MLR analysis to reveal regression equations for each of the four dependent variables with the best prediction. the data analyses were performed with the IbM SPSS Statistics programme, version 21.
Ethical approval
the research related to human use has been complied with all the relevant national regulations, institutional policies and in accordance the tenets of the Helsinki Declaration, and has been approved by the authors' institutional review board or equivalent committee. IAntbE10×6 -intermittent anaerobic test on a bicycle ergometer 10 × 6 s, RMF -relative maximum force, MF -maximum force, RPt DL EE -relative peak torque of the dominant lower limb during eccentric extension, RPP DL EE -relative peak power of the dominant lower limb during eccentric extension, PP NL CE -peak power of the non-dominant lower limb during concentric extension, Pt NL CE -peak torque of the non-dominant lower limb during concentric extension, PP -peak power in the intermittent anaerobic test on a bicycle ergometer, MP6s -maximum 6-s power dIsCussIon the main finding of this investigation is that the multiple regression analysis showed RF in SqJ as the strongest predictor of sprint performance over 5 m and 10 m. together, RF in SqJ and relative PP in IAntbE 10×6s seem to be good predictors of sprint over 15 m and 20 m. this result is in agreement with West et al. [24] , who found out that strength relative to the participant's body weight rather than absolute force output contributed to models of linear sprint times and predicted short 10-m linear sprint performance. the finding is also in accordance with a previous regression model [25] , in which sprint performance variance was explained by relative maximum strength along with power values and rate of force development in loaded SqJ. the relationship between SqJ, PP in IAntbE 10×6s , and short sprint performance might be explained by their similarities in the knee extension action to provide propulsion for movement acceleration.
the results of the present study did not confirm that sprint performance could be predicted by jump height [8, 10] , but rather by SqJ RF. the authors believe that the results are caused by the different orientation of the reactive force vector, as the RF production seems to be similar during both measured movements, but the force vector is oriented vertically during SqJ and inclined in the horizontal plane during sprint. Furthermore, the correlation analyses showed that the relationship between SqJ RF and linear sprint increased along with the sprint distance of 5-20 m (table 3) . the finding that sprint time over a longer distance has a stronger relationship to the amount of force during SqJ compared with a short distance corresponds with the findings of a previous study [26] , where CMJ was proved an appropriate test when predicting 30-100-m sprint performance.
the authors of the present paper also found a stronger relationship between PP per 1 revolution (W • kg ) in this test significantly correlated with sprint performance over 10, 15, and 20 m. the results of this study indicated that IAntbE 10×6s was only a moderate predictor of run times, but a stronger predictor when the measured values were adjusted for body weight. the similar relationship between sprint performance and anaerobic power was previously tested by tharp et al. [27] , who found a moderate correlation between power output (5 s) in the Wingate anaerobic test (WAnt) and 50-yard run (45.72 m) (r = -0.53) performed by volunteers aged 10-15 years, and observed that values adjusted for body weight were stronger predictors of sprint performance than maximal PP values. On the other hand, Alemdaroğlu [28] reported a significant relationship between absolute peak power output in WAnt and a 10-m sprint (r = -0.52) and an insignificant relationship between mean power in absolute values and a 10-m sprint. Another study [29] demonstrated significant correlations between relative PP in WAnt and a sprint over 50 m (r = -0.70) and 200 m (r = -0.54). the study suggested that PP in relative values and in WAnt could be used as a predictor of sprint performance, the strength of WAnt predictability depending, however, on sprint length. the findings of the present study suggest that power outputs in relative values are good predictors of sprint performance at short distances.
the results of this study show an insignificant relationship between single-joint isokinetic muscle strength at a low velocity (60° • s , and suggested that isokinetic muscle strength at the velocity of 60° • s -1 , which is generally considered an indicator of maximum strength, was a weak predictor of linear sprint performance. thus, for the purpose of linear sprint performance prediction, it seems more efficient to use isokinetic testing at higher angular velocities [15, 16, 31] , which better corresponds with the higher speed demands on muscle action in linear sprinting in soccer.
A limitation of the present study is the range of the measured isokinetic force speed, as higher angular velocities of 180° • s -1 and 240° • s -1 were not used. the reason for the measurement using the angular velocity of 60° • s -1 was to apply the most commonly measured velocity, which allows the measurement of maximum muscle strength [32] . Another limitation is the absence of a soccer player agility test, which is more useful for soccer performance [33] and includes changes in directional speed along with short sprints.
ConClusIons
When presenting the results of laboratory tests to coaches or strength and fitness practitioners, RF in SqJ could be used as a parameter relevant to linear 5-, 10-, 15-, and 20-m sprint. together with RF in SqJ, PP in IAntbE 10×6s can be used as a parameter relevant to linear 15-and 20-m sprint. Laboratory examiners should not associate single joint isokinetic force, jump height, jump power, or anaerobic capacity with linear sprint performance in U19 elite soccer players.
